Oxidative decomposition of aqueous organic pollutant malachite green (MG) was studied in a dielectric barrier discharge reactor operated under ambient conditions. Total organic carbon content analysis confirmed the mineralization of the pollutant leading to the formation of carbon dioxide, which was confirmed by an infrared analyzer. Typical results indicated that the degradation rate increases with increasing applied voltage and decreases with increasing concentration. Dye degradation followed first order kinetics. The intermediate products formed during the degradation of MG were identified by a high resolution mass spectrometer (HR-MS) and proposed a plausible mechanism for the mineralization process. Figure 3 | (a) Influence of applied voltage on degradation of 100 ppm MG at100 mL/min gas flow. (b) Influence of initial concentration on degradation of MG at 100 mL/min gas flow and 18 kV. (c) Influence of gas flow on degradation of 100 ppm MG solution at 18 kV.
INTRODUCTION
Water pollution occurs due to the discharge of effluents into water without removing the harmful compounds. Contamination of water bodies is a major problem that needs stringent policies to prevent the adverse effect on ecology. It was estimated that nearly 900 million people worldwide have no access to potable water and more than 2 million people, most of them children, are affected every year due to the use of contaminated water (Brij ) . Coagulation, filtration, ozonation, chlorination and UV irradiation are some of the conventional methods used to treat contaminated water but each of these methods has drawbacks, especially for the removal of dyes from contaminated water. As typical dyes discharged from the paper, textile and tannery industries are bio-resistant, adsorption is usually practiced. Even though adsorption appears to be a simple and cost-effective technique, it demands a secondary treatment to regenerate the adsorbent.
In this context, application of electric discharges is an advanced oxidation process (AOP), a green approach for the degradation of pollutants in air and aqueous medium (Subrahmanyam et al. a, b; Meetani et al. ; Yasushi et al. ; Narengerile ) . The dielectric barrier discharge (DBD) in water may be considered to be a capsule of oxidizing species like hydroxyl radical, ozone, UV radiation, shock waves and chemically active species that are capable of mineralizing the pollutants (Zhang et al. ) .
Malachite green (MG) is a basic dye, commonly used in the textile, paper and acrylic industries (Srivastava et al. ) . In spite of its diverse applications, several countries have banned MG due to its harmful effects on ecology (Srivastava et al. ; Stammati et al. ; Ganesh et al. ) . Thus, effective removal of MG water bodies is very much in demand. In the present study, mineralization of MG to harmless products was carried out in a nonthermal plasma (NTP) DBD reactor operating under ambient conditions. The intermediate products formed during the dye degradation were identified by using a high resolution mass spectrometer (HR-MS) (Agilent technologies) and a plausible mechanism of MG degradation was proposed. Various parameters like initial concentration of dye, gas flow and applied voltage were studied to achieve the best efficiency.
METHODS

Chemicals
MG oxalate was obtained from S. D. Fine-Chem Limited, India. In this experiment, a stock solution of the dye was prepared by dissolving 100 mg of MG oxalate in 1 L of doubly distilled water and further dilutions were made to get the desired concentrations of the dye.
Analysis
The mineralization of MG in the aqueous solution during plasma treatment was monitored by a total organic carbon analyzer (TOC-V CPH , Shimadzu, Japan). TOC concentration includes the carbon content of the organic dye and other organic intermediates, which were generated during the plasma treatment. UV-Visible spectrophotometer (T90 þ UV/VIS Spectrometer, PG Instruments Ltd, UK) was used to measure the absorbance at 615 nm. The products (CO, CO 2 ) formed during the mineralization were measured by an infrared analyzer (Siemens Ultramat 22). % of mineralization and % of dye degradation was calculated as follows
( 2) where TOC 0 and TOC F are the initial and final value, and C 0 and C F are initial and final concentration of the dye.
Operation
Plasma treatment was conducted by using a NTP-DBD reactor. The schematic experimental set-up is shown in Figure 1 . The experimental procedure was reported elsewhere (Reddy & Subrahmanyam ); briefly, DBD was generated in a cylindrical quartz tube of 19.0 mm inner diameter and 1.6 mm wall thickness. Silver paste painted on the outer surface (for a length of 20 cm) of the quartz tube acted as the outer electrode and a stainless steel rod placed at the center of the reactor served as the inner electrode. The discharge gap (3.5 mm) was filled with the dye solution. The inner electrode was connected to the AC high voltage and the electrical discharge was ignited by applying voltage in the range 14-18 kV (peak-to-peak and 50 Hz frequency) by using a high voltage transformer (Jayanthi Transformer). The air flow rate was regulated by using a mass flow controller (Aalborg).
Power calculation
The voltage and charge wave forms are shown in Figure 2 . The voltage-charge (V-Q) Lissajous method was used to determine the power utilized by the discharge (Subrahmanyam et al. ) . The voltage was measured with a high voltage probe (Agilent 34136A HV, 1/1000). The signals of V and Q were recorded with a digital oscilloscope (Tektronix, TDS 2014B) and plotted to get a typical V-Q Lissajous figure as shown in Figure 2 and the area of the V-Q figure represents the energy dissipated in the discharge. The discharge power (W) was calculated by multiplying the area of the V-Q figure with the frequency. The energy yield (g/ kWh) of the degradation was calculated as
where C 0 is initial dye concentration, V is volume of the solution, P is power and t is time. It was observed that increasing applied voltage increases the power and decreases the energy yield.
RESULTS AND DISCUSSION
Effect of applied voltage
The influence of the applied voltage on the dye degradation was studied by varying the voltage between 14 and 18 kV and the results are shown in Figure 3(a) . It was observed that the degradation of MG increases with increasing applied voltage. For example, after 25 min of plasma treatment, 82% degradation was achieved at 14 kV, increasing up to 90% at 18 kV. This may be due to the availability of more energetic electrons and active species at 18 kV that may lead to higher degradation of MG (Zhang et al. ) . As seen in Figure 3 (a), a rapid increase in the degradation was observed during the initial stage of plasma treatment followed by a slow increase, probably due to competition between MG molecules and the intermediate products formed during the course of the reaction.
Effect of initial concentration
In order to understand the influence of the initial dye concentration on the degradation of MG solution, MG concentration was varied from 50 to 100 ppm and results are shown in Figure 3 (b). As seen in Figure 3(b 
TOC removal-mineralization Figure 4 (a) presents the TOC removal (mineralization) as a function of time at 18 kV for the flow rate of the gas varied at 100 and 200 mL/min. As seen in Figure 4(a) , after 25 min, the dye removal was 95% and TOC removal was close to 25%, which indicates that only a part of the dye degraded was mineralized and the remaining dye was converted to intermediate products. The mineralization was confirmed by the formation of CO and CO 2 as shown in Figure 4(b) . Table 1 shows change in the TOC for different applied voltages and gas flow rates at 25 min of the plasma treatment. As seen in Table 1 , for 50 ppm of MG, after 25 min and 100 mL gas flow rate showed only 10% mineralization, whereas the ∼24% mineralization of the dye was achieved for 100 ppm of MG and 200 mL flow rate of the gas. Hence, it may be concluded that the plasma reactor developed in the present study shows better performance at high concentration and flow rate. 
Kinetics
During the plasma treatment it has been observed that concentration of MG solution decreases with time and the degradation followed first order kinetics as indicated by the typical plots shown in Figure 5(a) . The rate constant was calculated based on Equation (7). ln(C=C 0 ) ¼ Àkt
where C 0 , C and t denote the initial and final dye concentration, and time, respectively. The values of the first order rate constant (k) and R 2 values for different conditions are given in Table 1 . any fixed voltage and concentration, the energy yield decreases with increasing applied voltage. Table 2 presents the yield (g/kWh) after 10 min degradation of MG for different concentration and air flow rates. The best performance obtained was 61 g/kWh for 100 ppm MG at 14 kV and 200 mL flow rate.
Energy efficiency
Identification of intermediates and degradation mechanism
The intermediates identified by using HR-MS during the plasma treatment of MG solution are shown in Table 3 and the spectrum at 0 and 15 min is shown in Figure 6(a) . On the basis of identified intermediates, a possible mechanism of MG degradation was proposed as shown in Figure 6( 
CONCLUSIONS
AOP based on electrical discharges in water and the airwater interface was used to study the degradation of aqueous pollutant MG. Total oxidation of the pollutant was confirmed by the formation of oxides of carbon and total organic content analyzer. Increasing voltage and gas flow rate leads to higher conversion, whereas decreasing the dye concentration favored better efficiency. The best energy yield obtained in the present study was 61 g/kWh for degradation of 100 ppm MG at 14 kV and 200 mL flow rate. Products identified by HR-MS confirmed the hydroxyl radical initiated MG degradation. 
